Three varieties of Phaseolus vulgaris which differ in their sensitivity to ozone were examined for changes in some physiological and structural plasma membrane characteristics. Plasma membrane vesicles were prepared from control and ozone-treated (0.2 to 0.5 microliters per liter ozone for 5 hours) leaf tissue, and the (K' + Mg2')-ATPase activity determined and compared. No major changes were observed in the resistant varieties. The sensitive variety showed a severe inhibition of ATPase activity which was largely due to a decrease in the K-stimulated component. This inhibition was completely reversed by the addition of sulfhydryl compounds.
Studies on ozone damage to plants have implicated the plasma membrane as the site of initial injury (2, 3, 8) ; subsequent ionic and pH imbalance within the protoplasts are likely to disrupt normal metabolic processes (6) . The mechanisms of ozone damage to tissues at the molecular level have been studied extensively and are well reviewed (1, 11) . The oxidation of sulfhydryl moieties to disulfide, sulfenic, or sulfonic groups, the oxidation of unsaturated lipids, and the opening of aromatic ring structures have all been demonstrated in chemical systems. The notion that ozone-induced permeability changes in plant tissues result from the oxidation of unsaturated fatty acids in the plasma membrane has tended to dominate in air pollution research although evidence for this is scarce (6, 7) . Few reports have attempted to correlate ozone-induced permeability changes in foliar tissue with damage to plasma membrane-bound proteins which may be involved in transport processes (i.e., facilitated diffusion channels and transport ATPases). Membrane-bound polypeptides are certain to contain sulfhydryl as well as aromatic amino acids, both of which are reported to react with ozone in a 1: 1 stoichiometry (1 1) .
This study investigates the effect of a single ozone exposure event upon the (K+ + Mg2+)-ATPase2 activity of plasma membrane vesicles isolated from Phaseolus vulgaris leaf tissue. Three varieties of P. vulgaris which differ in their sensitivity to ozone were used in this study. Ozone-induced changes in the biochemical properties of the plasma membrane fractions from each variety were correlated with their sensitivity to smog damage as determined in the field. ' (15) . Ozonation was carried out as described previously (13) .
Preparation of Cell Fractions. Plasma membrane fractions were prepared from leaf tissue according to slightly modified procedures described elsewhere for root tissue (5, 10) . Briefly, 10 g of leaf tissue was homogenized for 5 s in 150 ml of isolation medium (50 mM Tris-Mes (pH 6.8), 0.3 M sucrose, 3 mM EDTA, 3 mM DTE, and 1% BSA) in a Polytron. The resulting brei was centrifuged at 3,000g (3 min) and then at 13,000g (15 min) and the pellets discarded. The 13,000g supernatant was then centrifuged at 80,000g (45 min) and the resultant pellet resuspended in 1 ml of isolation medium and placed on top of a 20-33-38% discontinuous sucrose gradient and centrifuged at 80,000g for 2 h. The milky band which appeared at the 33% to 38% sucrose interface was removed. Previous studies have shown this fraction to be enriched in plasma membrane vesicles (5) . At all stages of the isolation procedure, the cell fractions were kept at 2°C. All fractions were kept in liquid nitrogen until required.
To show that we had a good ATPase preparation from the plasmalemma, we examined the effect of pH and inhibitors on the ATPase activity of our fraction (Fig. 1) . This fraction showed maximal stimulation at pH 6.0 to 6.5; increasing or decreasing pH produced a severe inhibition of activity. Mitochondrial and acid phosphatase inhibitors, azide and molybdate, respectively, had little or no effect upon the ATPase activity. However, orthovanadate, a plasma membrane ATPase inhibitor (5), completely abolished the stimulation at pH 6.0, producing a relatively flat pH profile with an activity of approximately 25% of the maximum value. These results are similar to those reported elsewhere for corn plasma membranes (5, 13) . Mitochondrial contamination of this fraction appears to be minimal while acid phosphatase activity accounted for only approximately 16% of the total ATPase activity.
Enzyme Assays. ATPase activity of the plasma membrane fractions was determined on 1.0-ml volumes of assay medium (30 mm buffer, 3 (9) . However, preliminary experiments indicated that when 3 mm DTE was present in the isolation solutions, ozone had no effect on ATPase activity. This suggested that ozone-induced damage of this enzyme was reversed by the presence of DTE in the isolation solution. Table I shows the effects of DTE on ozone-damaged tissue. Two plasma membrane fractions were isolated from a group of 12 Pinto bean plants immediately after exposure to ozone (0.7 gl/L for 5 h).
One fraction (+DTE) was isolated according to the procedure described in "Materials and Methods"; the other fraction was prepared in a similar way except that DTE was omitted from all solutions (-DTE). Similar fractions were prepared from control plants. The absence of DTE resulted in a substantial decrease in the (K+ + Mg2+)-ATPase activity. Primarily this was due to a decrease in the K+-stimulated component. Presumably DTE prevented oxidative damage of the plasma membrane ATPase by endogenous oxidants released from cellular compartments during the isolation procedure. No ATPase activity was moni- tored from the -DTE plasma membrane fraction isolated from tissue treated with high ozone levels. However, significant rates were observed from the +DTE fraction isolated from ozonetreated tissue. These results suggest that exposure of leaf tissue to acute levels of ozone can result in substantial but partially reversible damage to the plasma membrane ATPase. Consequently, all subsequent plasma membrane fractions were isolated without DTE in the preparatory solutions so that the extent of ozone damage to plasma membrane ATPases could be assessed. der these conditions, the results for Pinto were similar to those presented in Table I ; a decrease in the (K+ + Mg2+)-ATPase activity was observed which was attributable to the K+-stimulated component. Only minor differences were observed between the ATPase activities of plasma membrane fractions isolated from control and ozone-dosed Black turtle and Sinclair Butterwax plants. Table III summarizes results of several experiments on ozone effects on plasma membrane ATPase activity. There was a large variability in ATPase activity in plasma membrane fractions isolated from leaf tissue on a day-to-day basis. Consequently, it is difficult to make 'between-experiment' comparisons of the effect of ozone on ATPase activity due to differences in the developmental stage of the tissue as well as isolation and assay conditions. In spite of these difficulties, several trends were apparent. In all varieties, ozone always produced a decrease in the (K+ + Mg2+)-ATPase activity although these differences were not always statistically significant (cf. experiment A). Further, exposure of tissue to higher ozone levels produced a more severe inhibition in (K+ + Mg2+)-ATPase activity (experiment C and D). Where a significant inhibition of the (K+ + Mg2+)-ATPase activity was apparent, the inhibition of the K+-stimulated component was more pronounced than that of the Mg2+-ATPase activity; only at high ozone levels was the Mg2+-ATPase activity significantly inhibited.
The three varieties differ in the extent of the ozone-induced inhibition of (K+ + Mg2+)-ATPase activity. Clearly, Pinto (8) .
The oxidation of several biological molecules by ozone has been demonstrated in chemical systems (1, 11) although the relevance of these reactions to in vivo ozone damage is unclear (6) . The condensation of amino acid residues by the oxidation of sulfhydryl moieties to disulfide bridges or further oxidation to sulfenic (-SO3H) or sulfonic (-SO4H) groups are feasible, the latter being an irreversible oxidation (11) . Also, cleavage of aromatic amino acid ring structures by ozone has been demonstrated, a reaction which is reported to be irreversible (11) . However, the finding that ozone-induced inhibition of the (K+ + Mg2+)-ATPase activity could be reversed by the post-exposure addition of DTE to the plasma membrane fraction suggests that damage was effected by the oxidation of sulfhydryl moieties to disulfide bridges or sulfenic groups. The inhibition of the (K+-Mg2)-ATPase by sulfhydryl reagents has been noted previously (12) .
Plants do have the ability to repair some ozone injury, as shown by Sutton and Ting (13) . They showed that deoxyglucose transport by leaf discs could be restored, after ozone-induced inhibition, if the leaves were young and were allowed time with adequate energy supplies. This could be due to the restoration of critical sulfhydryl groups.
Ozone-induced inhibition of plasma membrane ATPase activity was more severe in the ozone-sensitive Pinto than in the ozone-resistant Black Turtle and Sinclair Butterwax varieties. This supports the contention that the plasma membrane is the primary site of ozone damage in plants (6) . The physiological mechanisms of resistance to ozone damage in the nonsensitive varieties are not clear. The prevention of ozone diffusion into the intercellular leaf space by stomatal closure and high levels of endogenous anti-oxidants (e.g., tocopherol) have been implicated in this regard (6) . However, both of these strategies may derive from the same underlying mechanism. Stomatal closure is effected by the movement of solute out of the guard cells, presumably mediated by diffusion channels and perhaps ATPases on the plasma membranes of the stomatal apparatus. Prevention of damage to these structures by the presence of high levels of antioxidants would allow stomatal closure and thereby prevent ozone entry into the leaf space. In plants where adequate levels of antioxidants are not present, stomatal response may become sluggish or be completely abolished, resulting in the exposure of mesophyll cells to atmospheric levels of ozone. This hypothesis is currently under study.
